The purpose of our work is to write down a gauge fixed action for the modified cubic superstring field theory in the well-known Siegel gauge. In this theory, there are new gauge symmetries associated with the kernel of the picture changing operator. This gauge is fixed by restricting the space of fields by using the projection operator removing the kernel. We have found the gauge-fixed kinetic term for the Ramond string field. On the other hand, we have not yet succeeded in finding the one for the Neveu-Schwarz string field. It is to be desired to find the full solution to the master equation involving the interaction terms. §1. Introduction
§1. Introduction
String field theory 1)-3) (SFT) is a candidate of a non perturbative formulation of string theory. In the bosonic cubic SFT, 1) an analytic solution describing the tachyon condensation was found 4) and used to prove 5) Sen's conjecture. 6 ) Successively, many other analytic solutions were also found and used to study non-perturbative phenomena.
On the other hand, there are several proposals for open superstring field theory (OSSFT) with different picture-numbers assignments to the string field. The original cubic SSFT 7) has a divergent contact term problem. 8) To avoid this problem, the modified cubic SSFT was proposed. 9), 10), † † †) In this theory, the Neveu-Schwarz (NS) string field is in 0-picture and the Ramond (R) string field is in (−1/2)-picture.
As well as in the bosonic SFT, a number of analytic solutions have been obtained. 16)-21) In this sense, we may say that the classical aspects of the modified cubic SSFT has been well understood. However, it has not been formulated as a quantum theory. Since the theory has gauge symmetries, it is necessary to fix the gauge to quantize the theory. In the modified cubic SSFT, the picture changing operators (PCOs) are put in the action. Since the PCO has a non-trivial kernel, there are extra new gauge symmetries associated with the kernel. It has not been done to fix the whole gauge.
In the bosonic SFT, the so-called Siegel gauge, a generalization of the Feynman gauge, is usually adopted. In this gauge, the kinetic operator is L 0 , which is a string extension of the Klein-Gordon operator. Since L 0 is the Hamiltonian of the worldsheet theory, the propagator, 1/L 0 = ∞ 0 dτ e −τ L 0 , corresponds to extending the length of the string world-sheet uniformly. When we include the interaction term, it is known that the well-known Batalin-Vilkovisky (BV) formalism plays a significant role to find the gauge fixed action.
Meanwhile, for the kinetic term of the R sector in the cubic SSFT, Kugo and Terao pointed out the new gauge symmetries and fixed the whole gauge symmetries to obtain the Siegel-gauge Dirac kinetic term. 22) For the NS sector, Preitschopf, Thorn and Yost (PTY) did a similar analysis. But they worked in another gauge than the conventional Siegel gauge, which is referred to as the PTY gauge here.
In the PTY gauge, the kinetic operator is L + which can not be regarded as a natural extension of the Klein-Gordon operator and the propagator retracts the string world-sheet length regionally. They computed the perturbative amplitudes in this gauge, but the calculation is quite subtle and the analytic continuation is necessary. Moreover, to write down the gauge fixed action with the interaction, we need to solve the BV master equation as a step of the BV formalism. However the solution has not been found so far.
Thus the purpose of our study is to write down the Siegel gauge action of the modified cubic SSFT through the BV formalism. The gauge symmetries associated with the kernel of the PCO are fixed in a similar manner as before. The Q B gauge symmetry is the same as the bosonic SFT and we discuss its fixing through the BV formalism. As a result, we find the gauge-fixed kinetic term for the R field satisfying the BV master equation. Moreover, for the NS sector, we find the other projection operators which look more appropriate than PTY's. However, we have not yet completely succeeded in finding the gauge-fixed kinetic term for the NS string field.
This paper is organized as follows. First we will drop the interaction terms and investigate the gauge-fixing of the kinetic terms through the BV formalism in §2 We will discuss the interaction terms in §3. Section 4 is devoted to the summary. §2. Gauge-fixed kinetic terms
The action of the modified cubic SSFT is written as
where A and Ψ are the Neveu-Schwarz (NS) and the Ramond (R) string fields in 0-and (−1/2)-picture, respectively, and carry ghost number 1. The star product * of the string fields is implicit. Z and Y are the picture changing operators (PCOs) carrying the picture numbers −2 and −1, respectively. They are put on the string
As shown in 9), there are several possible choices for Z, although they are all BRSTequivalent. Here we adopt the non-chiral one following PTY:
where z = −i is the mirror point of the midpoint. Hereafter we simply write Y (−i) asȲ .
At this moment, we neglect the interaction term, such that the action is divided into the NS kinetic term and the R kinetic term. The action is invariant under the linearized gauge transformation:
where Λ and λ are string-field transformation parameters in the same picture as the string fields and have the ghost number 0. We call these gauge symmetries Q B gauge symmetries. Moreover, since Y (z)c(z) = 0 and Y (z)γ(z) 2 = 0, there are additional gauge symmetries whose transformations are given by
where Λ's and λ's are string-field parameters, whose picture numbers and ghost numbers are determined by the consistency of the above equations. We call these gauge symmetries as "new gauge symmetries" here.
Fixing the new gauge symmetries

R sector
We first discuss the fixing of the new gauge symmetries. Let us start with the R kinetic term. To fix the new gauge symmetries for the R sector, Kugo and Terao constructed a projection operator removing the kernel of Y . They introduced a "zero mode version" of the picture changing operator
These imply that
is a projection operator: P 2 R = P R . Since it contains Y , the kernel of Y is projected out. Let us define the projected string field Ψ as
We fix the new gauge symmetries of the R sector by replacing the fields with the projected string field Ψ . Then the new-gauge fixed R kinetic term is written as
where Ψ | is the bpz conjugate of | Ψ . If we define "zero mode version" of Y as
then it satisfies similar equations to (2 . 8):
Then we can replace the local operator Y with the oscillator-based operator Y 0 in the action, since
Note that although Y 0 doesn't commute with Q B , it is sandwiched by X 0 so that the commutator effectively vanishes
where we has been made of (2 . 13). When we expand the projected field in powers of c 0 and γ 0 , it is found to take the form 
Then we can easily find that Ψ = P R Ψ satisfies two constraints:
The general solution to these constraints is given by the right hand side of (2 . 16).
The space of Ψ must be in a subspace of the fields in the form φ + (c 0 F + γ 0 )ψ. Note that the condition P R = 1 is equivalent to P 0 = X 0 Y 0 = 1. In fact, if P R Ψ = Ψ , then
where we have used
Therefore, P R = 1 is equivalent to P 0 = 1. Then it is enough to prove P 0 = 1 on φ + (c 0 F + γ 0 )ψ and it can be easily shown by a straightforward calculation. This completes the derivation of the expansion (2 . 16).
NS sector
Next, let us consider the NS kinetic term. To fix the new gauge, PTY proposed a projection operator for the NS string field P PTY = X − X + YȲ with
where β ± and b ± are defined by the following hermitian linear combination:
This projection operator is useful when one works in the PTY gauge. However, since X ± do not carry definite weight, P PTY makes computation of the amplitudes with the propagator b 0 /L 0 complicated. Therefore it is better to look for another projection operator.
Recall that X 0 is given by a BRST transformation of Θ(β 0 ). Since the weight of Θ(β 0 ) is 0, X 0 carries weight 0 and commutes with L 0 . So here we take
which both commute with L 0 . Based on these operators, we propose a new projection operator removing the kernel of YȲ :
This is in fact the projection operator, since we can show the following equation.
YȲ X1
are weight-0 operators satisfying, in particular,
, this projection seems better than PTY's at least when we work in the Siegel gauge.
We would like to expand the projected field like in (2 . 16), but the straightforward calculation is very complicated. Recall that for the R sector, by using 
) .
(2 . 26) But we have not been able to show the counterpart equations. At this moment, we have found that
In order to replace YȲ with some mode version (YȲ ) 0 , we have to have an equation like
Unfortunately we have not yet shown this. Incidentally, we have found the other projection operators.
30)
P XY = 1, P XȲ = 1 and P XY + = 1 are all equivalent. This means that the condition P XY = 1 removes the kernel ofȲ as well as Y . For this simpler projection operator, we can write the projected state in the form . This projection might be more useful than (2 . 24) to have an action satisfying the master equation.
Moreover, we have found that
are projection operators and the projected spaces with these three are all equivalent. It is tempting to consider the projected string field satisfying PX Y = 1 in addition to P XY = 1. Whatever projection operators we adopt, we have not found the (YȲ ) 0 . For this reason, we have not succeeded in deriving the master action for the NS kinetic term.
Master equation
First we consider the R sector. To find the master action, we relax the ghost number constraint of Ψ . * ) If we define the BRST transformation as δ B Ψ = Q B Ψ , δ B Ψ is also the projected field since the projection operator P R commutes with Q B . Then the variation of the action is found to take the form
where we have substituted the form
and performed the c 0 and γ 0 integral as
From (2 . 33), we have
Here we adopt the set of fields and anti-fields such that the master action reproduces the gauge-fixed action instead of the original gauge-invariant action when we remove the anti-fields. Then the master equation is obvious from the BRST-invariance of S:
Thus we can identify the components φ and ψ as the field and the anti-field, respectively.
For the NS sector, we have not yet been able to confirm the master equation. In principle, we can perform the above procedures for the NS sector. However the calculation is rather complicated since we have not found the (YȲ ) 0 .
Gauge-fixed action and Propagator
Let us start from the master action for the R kinetic term. Since we have not acquired the one for the NS sector, we concentrate on the R sector. When we fix the gauge as
this gauge is nothing but the Siegel gauge. Then, the gauge-fixed field Ψ = φ satisfies two conditions:
The gauge-fixed action is written as
Since F 0 contains p μ ψ μ 0 , the kinetic operator F 0 is an extension of the Dirac operator. To find the propagator, we add an external string field source J to the action:
Then the propagator is
This is an extension of Dirac propagator. In addition this is also the extension of the propagator of bosonic SFT where the picture number is compensated by X 0 . §3.
Interaction terms
The interaction terms of string field theory can be rewritten in terms of the 3-string vertices |V NS and |N NSR . It is known that when any primary operator O with negative weight act on these vertices, it vanishes:
Therefore, the interaction terms are invariant under the new gauge symmetries in (2 . 5). The new-gauge-fixed action can be written in the same form as the original one by replacing the string fields with the projected string fields. The interaction terms are given by
3)
where we adopt P XY as the projection operator for the NS string field. Then we can define the BRST transformation by If we succeed in showing the master equation for the kinetic terms, then the whole action automatically satisfies it. In fact, for the R sector, we can take the same procedure as before. §4. Summary
We discussed the gauge-fixing of the modified cubic SSFT. In this theory, the PCOs are put in the action. We fixed the gauge associated with the kernel of the PCOs by restricting the space of the string fields with the projection operator removing the kernel. The residual gauge symmetry is the same as the bosonic SFT and we discussed the fixing of it through the BV formalism. For the R sector, we found that the kinetic term with the projected field satisfies the master equation if we relax the ghost number constraint of the string field. The projection operator simplified the theory so that we could easily confirm the master equation. However, in the NS sector, although there are several projection operators, they do not simplify the theory. We have not succeeded in finding the gauge-fixed kinetic term for NS field. But it is confirmed that if we found the kinetic term satisfying master equation, we can add the interaction terms without breaking the master equation.
As a future work, it is necessary to find the gauge-fixed action for the NS kinetic term. Our study of the physical states in 0-picture may shed some light on this problem. 24) 
